Plant mitochondria have a fully operational tricarboxylic acid (TCA) cycle that plays a central role in generating ATP and providing carbon skeletons for a range of biosynthetic processes in both heterotrophic and photosynthetic tissues. The cycle enzymeencoding genes have been well characterized in terms of transcriptional and effector-mediated regulation and have also been subjected to reverse genetic analysis. However, despite this wealth of attention, a central question remains unanswered: "What regulates flux through this pathway in vivo?" Previous proteomic experiments with Arabidopsis discussed below have revealed that a number of mitochondrial enzymes, including members of the TCA cycle and affiliated pathways, harbor thioredoxin (TRX)-binding sites and are potentially redox-regulated. We have followed up on this possibility and found TRX to be a redox-sensitive mediator of TCA cycle flux. In this investigation, we first characterized, at the enzyme and metabolite levels, mutants of the mitochondrial TRX pathway in Arabidopsis: the NADP-TRX reductase a and b double mutant (ntra ntrb) and the mitochondrially located thioredoxin o1 (trxo1) mutant. These studies were followed by a comparative evaluation of the redistribution of isotopes when 13 Cglucose, 13 C-malate, or 13 C-pyruvate was provided as a substrate to leaves of mutant or WT plants. In a complementary approach, we evaluated the in vitro activities of a range of TCA cycle and associated enzymes under varying redox states. The combined dataset suggests that TRX may deactivate both mitochondrial succinate dehydrogenase and fumarase and activate the cytosolic ATP-citrate lyase in vivo, acting as a direct regulator of carbon flow through the TCA cycle and providing a mechanism for the coordination of cellular function.
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Arabidopsis | redox regulation | thioredoxin TCA cycle regulation | citric acid cycle regulation | ATP-citrate lyase A s in animals and aerobic microorganisms (1, 2) , the tricarboxylic acid (TCA) cycle of plant mitochondria is composed of a set of eight enzymes that oxidize pyruvate and malate formed in the cytosol to CO 2 and NADH (3) . The CO 2 is released and the NADH is oxidized by the electron transport chain for the generation of ATP. Recent years have witnessed major advances in our understanding of the cycle in plants, including its different modes of operation and properties of its constituent enzymes (4) (5) (6) . We also now understand a great deal about the physiological role, kinetic features, and transcriptional and posttranslational regulation of enzymes participating in the cycle.
In addition to these studies, experiments have focused on functional interactions taking place between mitochondria and the other organelle that generates energy in plant cells, namely, the chloroplast (7, 8) . The results suggest that the two compartments are tightly linked by regulatory mechanisms acting at the levels of the gene and interorganellar metabolite transport (9) (10) (11) (12) (13) . Further, a long-standing body of evidence indicates that the cycle is regulated by a feedback regulator in animals, bacteria, and plants (14) (15) (16) . However, despite decisive progress made in our understanding of the cycle (4) (5) (6) , the nature of the regulator remains unknown. In the current work, we have addressed this question.
Recent advances have identified a candidate for this elusive role: thioredoxin (TRX), a regulatory protein widely distributed throughout the three domains of life. TRX harbors a dithiol active site and regulates target enzymes by thiol/disulfide exchange, and a TRX-dependent reduction system in plant mitochondria was identified as early as 2000 (17, 18) . The first clue to its identity as the mitochondrial regulator emerged from proteomics studies in which members of the TCA cycle of plant mitochondria were found to bind TRX (13, 19) . Supporting evidence came from pharmacologically based approaches that linked activation of anapleurotic fluxes of the TCA cycle to redox changes, compatible with a role for TRX (20) . The reduced TRX needed for this type of regulation could be supplied by NADPH and the flavoenzyme NADP-TRX reductase (NTR); both proteins are present in mitochondria (18, 21) . However, aside from the alternative oxidase (AOX) (19, 22) and citrate synthase (CS) (23, 24) , TRX has not been functionally linked to the regulation of enzymes of the TCA cycle or other processes in plant mitochondria. Thus, although TRX has long been proposed to be
Significance
The present work extends redox-based change in enzyme activity to the TCA cycle of plant mitochondria. Thioredoxin (TRX) was found to regulate the activity of enzymes of the mitochondrial cycle (succinate dehydrogenase and fumarase) and of an enzyme associated with it (ATP-citrate lyase) by modulating thiol redox status. A combination of experiments based on mutant and carbon isotope labeling analyses provides evidence that flux through this pathway is coordinately modulated by TRX at the enzyme level of both mitochondria and cytosol. The results provide in vivo confirmation of earlier in vitro results and further show that mitochondria resemble plastids in using TRX and redox status to regulate the main carbon flux pathway of the organelle.
involved in regulating CS, and thereby TCA cycle activity (25) , a clear indication that such regulation is acting in vivo is lacking.
Here, we provide evidence that TRX acts to regulate the TCA cycle via a single mechanism controlling carbon flow through the entire pathway that has long remained mysterious. It now appears that mitochondria resemble chloroplasts as an organelle in which TRX plays a primary role in linking redox to the regulation of fundamental processes of the organelle.
Results
Extraplastidial TRX Function Is Important for Seed and Root Growth.
To investigate the potential role of TRX in regulating the mitochondrial TCA cycle, we deemed it important to determine the growth properties of the previously characterized NADP-TRX reductase a and b double mutant (ntra ntrb) double-KO plant that lacks two NTR isoforms localized in cytosol and mitochondria (26) . In addition, we isolated a T-DNA insertion mutant in the thioredoxin o1 (trxo1) gene (At2g35010) encoding a mitochondrial TRX from the Salk collection (SALK 042792) (27) (Fig.  S1A) . The insertion in the TRXo1 gene was mapped to the first intron and resulted in KO of gene expression (Fig. S1 B and C) .
In an early experiment, we followed germination and seedling establishment under standard growth conditions in which 7-to 10-d-old plants were transferred to long-day conditions (16 h light/ 8 h dark). Shoot material was harvested from 2-to 8-wk-old plants, and the fresh weight (FW) was determined at harvest. Relative to WT, a significant reduction in FW was observed for both the ntra ntrb double-KO and trxo1 plants up to the fourth week (Table S1) . After this time, no further difference in shoot FW was observed in the ntra ntrb mutant, whereas the shoot FW was significantly higher in trxo1 after 6 wk.
To gain a more complete perspective of the mutants, we characterized seeds with respect to germination efficiency and seedling establishment. To this end, radicle emergence was scored daily for a week in replicate experiments carried out in the presence and absence of 20 mM sucrose ( Fig. S2 A and B) . In the presence of sucrose, there was a clear deceleration in the rate of germination in both mutants, whereas in its absence, only the ntra ntrb double-KO plants displayed a reduced rate of germination. This point notwithstanding, the vast majority of mutant seedlings overcame these seemingly deleterious phenotypes in both cases and were able to establish photosynthetically active seedlings. In related experiments with roots, growth was reproducibly reduced by up to 30% in the ntra ntrb double-KO plants compared with WT plants with or without sucrose as found earlier (26) . By contrast, trxo1 displayed similar root growth to WT under both conditions ( Fig. S2 C and D) .
Mutations of ntra ntrb and trxo1 alter extractable activities of the TCA cycle and affiliated enzymes. Reduced seed germination rates and root growth are features commonly described for a deficiency in TCA cycle activity (28, 29). The observed morphological phenotypes, however, are not, on their own, convincing evidence of reduced activity of this pathway, particularly in light of the very mild phenotypes displayed by the lack of mitochondrial trxo1. For this reason, we directly assessed the total maximal catalytic activity of a range of metabolic enzymes in desalted leaf extracts. The chloroplast enzymes ribulose-1,5-biphosphate carboxylase oxygenase (Rubisco), NADP-dependent malate dehydrogenase (MDH), ADP-Glc pyrophosphorylase (AGPase), and NADP-GAPDH showed only minor activity differences in mutants compared with WT plants (Table S2) , thereby confirming that mutation effects are independent of chloroplasts and consistent with their being confined to the cytosol/mitochondria (ntra ntrb) and to the mitochondria (trxo1). By contrast, enzymes of the TCA cycle, or associated with citrate metabolism, were significantly altered, with a clear increase in fumarase (FUM) activity in the ntra ntrb double mutant and a dramatic decrease (up to 80%) in ATP-citrate lyase (ACL) activity in both mutants (Fig.   1 ). These changes were coupled with an increase in the activity of CS and aconitase (ACO) in both mutants, whereas succinyl-CoA ligase (SCoAL) and mitochondrial/cytosolic NAD + -dependent MDH decreased in trxo1 and in ntra ntrb, respectively (Fig. 1) .
In addition to the striking effect that the perturbation of the mitochondrial TRX system has on enzymes of or associated with the TCA cycle, these results suggest that TRX promotes differential redox regulation of these enzymes. Given that the catalytic activity of TRX is dependent on redox-active Cys residues in the target proteins, we next aligned the sequences of all TCA cycle enzymes and ACL from Arabidopsis thaliana with their homologs from plants, animals, and microorganisms to determine whether these enzymes have conserved Cys residues. We found two conserved Cys residues in the sequences of CS, isocitrate dehydrogenase (IDH), FUM, MDH, and succinate dehydrogenase (SDH); three conserved Cys residues in the sequences of SCoAL; and five conserved Cys residues in the sequences of ACO (Dataset S1 A-G). Three of the conserved Cys residues shown in yellow in ACO are essential for binding the FeS cluster (Dataset S1B). Arabidopsis isoforms ACL-A and ACL-B have one and two conserved Cys residues across all species included in the alignment, respectively. ACL-B presented one Cys residue that is conserved in all species except the gorilla. Additionally, ACL-A and ACL-B have five and six conserved Cys residues, respectively, but this conservation does not extend beyond the plant kingdom (Dataset S1 H-I). The enzyme activity data, together with the presence of conserved Cys residues in almost all of the TCA cycle enzymes, are consistent with their being potential TRX targets. However, the presence of conserved Cys residues could also be related to other posttranslational modifications, such as glutathionylation and nitrosylation (30) . Furthermore, these data alone are not sufficient to determine whether the observed effects are mediated at the transcriptional, translational, or posttranslational level. Metabolite profiling. Having established that the activity of enzymes associated with mitochondrial energy metabolism was affected in at least one of the two mutants under study, we next determined whether the mutants showed alterations in their metabolite profiles. For this purpose, we measured the levels of starch, sugars, and nitrate at the end of the day in illuminated leaves of mutants and WT, as well as a broad range of primary and secondary metabolites, by established methods (31, 32) . Primary metabolites showing pronounced changes are listed in Table 1 , whereas secondary metabolites and primary metabolites showing less pronounced changes are listed in Table S3 . We observed a significant decrease in starch in the ntra ntrb mutant coupled with a doubling of the glucose and fructose content ( Table 1) . Of these changes, only the increase in fructose was seen in the trxo1 mutant, which otherwise resembled the WT. Similarly, only the ntra ntrb mutant displayed significant decreases in nitrate levels ( Table 1) . GC-MS data also revealed increases in Asp, Asn, Gln, Glu, and Phe, as well as considerable increases in malate and citrate in both the trxo1 and ntra ntrb mutants. In addition, the levels of Ala, putrescine, and succinate were exclusively increased in the ntra ntrb mutant, whereas pyruvate was increased in the trxo1 mutant only. Pro and Ser were exclusively decreased in the trxo1 mutant, and the levels of Gly and Thr were lower in the trxo1 mutant but higher in the ntra ntrb than in WT (Table 1) . No other changes were observed in amino acids or minor sugars, sugar alcohols, or polyamines measured by GC-MS (Table S3) , with the exception of trehalose, which was enhanced in the ntra ntrb mutant but not in the trxo1 mutant (Table S3) . We next evaluated the levels of the major flavonols and glucosinolates by liquid chromatography-MS. These analyses revealed large changes in flavonoids (kaempferol and anthocyanin), phenylpropanoids, and the majority of glucosinolates and indole glucosinolates (Table S3) , thus confirming and extending previous observations (33) . Altogether, these results are consistent with a reprogramming of the main pathways of primary and secondary metabolism to maintain a balanced metabolism. Although the mutation effects are striking, the mechanism responsible for the changes cannot be identified with the data. We therefore conducted a series of isotope redistribution experiments to complement the other results and help with the interpretation.
Isotope redistribution through the TCA cycle and associated pathways.
We next sought to obtain more direct evidence that these pathways were altered in vivo. Despite the fact that a protocol has recently been established for estimating metabolic fluxes in intact plants following the supplying of 13 CO 2 to illuminated leaves (34) , this approach labels mitochondrial pools very slowly, and therefore is not currently suitable for the system under study. For this reason, we adopted an approach frequently used in other studies (35, 36) ; that is, we performed independent feedings of 13 C-Glc, 13 C-malate, and 13 C-pyruvate for a period of 4 h. This procedure was used for the evaluation of unidirectional rates of carbon exchange. This approach is important because changes in metabolic fluxes can occur without changes in the metabolite pool sizes of pathway intermediates, rendering it facile to underestimate or even possible to miss important mechanisms of metabolic regulation on the basis of steady-state metabolite levels alone. Such approaches also allow quantitative evaluation of a broad range of metabolic pathways without the need for laborious (and potentially inaccurate) chemical fractionation procedures commonly used in the estimation of fluxes following incubation with radiolabeled substrates.
For these experiments, the leaves were snap-frozen in liquid nitrogen and the metabolites were extracted, derivatized, and evaluated by a specially modified GC-MS protocol (37) . Following [U-13 C]-Glc feeding, label enrichment in heavy isotope peaks (i.e., enhanced heavy isotope labeling with respect to the control treatment of the same genotype) was observed in a total of 13 metabolites (listed in Table S4 ), including increased accumulation in malate and decreased accumulation in Pro in both the ntra ntrb mutant and the trxo1 mutant, reflecting an enhanced flow of 13 C to malate via respiratory metabolism and a decreased flow to Pro, respectively ( Fig. 2A) . The label accumulation in Asp ( Fig. 2A) and raffinose (Table S4 ) following 13 C-Glc feeding was dramatically decreased, whereas the label accumulation in Ala and succinate was increased in the ntra ntrb mutant but not in the trxo1 mutant ( Fig. 2A and Table S4 ). Following 13 C-malate feeding, label enrichment was seen in only eight metabolites (Table S4) ; however, the trends in accumulation in Ala, Asp, and succinate were conserved (Fig. 2B) . Similarly, following 13 Cpyruvate feeding, very similar differences were observed in the labeling of Ala and Asp compared to the results obtained following 13 C-malate or 13 C-Glc feeding (Fig. 2C ). In addition, in this experiment, significantly increased labeling was observed in Val (only in the ntra ntrb mutant) and decreased in Ser (in both mutants) (Fig. 2C) . Interestingly, a 13 C-enrichment in malate under 13 C-Glc and a 13 C-decrease in Pro (under 13 C-Glc) and Ser (under 13 C-pyruvate) were conserved in both mutants ( Fig. 2  A and C) , with all results from these experiments, furthermore, in close agreement with the observed changes in the steady-state levels (Table 1 ). Most saliently, there was an accumulation of label in succinate following feeding of either 13 C-Glc or 13 Cmalate, as well as an increase in label redistributed to Ala and a decrease in label redistributed to Asp in the ntra ntrb double Metabolites were determined at end of the day as described in Materials and Methods. Starch, fructose, Glc, and nitrate were measured through the enzymatic method and are presented as millimoles per kilogram of FW. Other metabolites were measured through GC-MS. The GC-MS data were normalized with the values obtained for ribitol (internal standard) and the FW used for the extraction (∼100 mg). The data presented are normalized with respect to the mean response calculated for WT plants. Data presented are mean ± SEM (n = 6). Values in bold and underlined type indicate values significantly different from WT by the Student's t test at 5% (P < 0.05).
mutant observed following incubation with any of the three substrates supplied.
In vitro confirmation and complementation of the effects of TRX on TCA cycle and associated enzymes. To confirm that altered TCA cycle and associated enzyme activities in the trxo1 and ntra ntrb mutants were due to inactivation of the TRX system, we performed protein-based complementation studies with cell-free extracts. To this end, we conducted enzyme assays for all enzymes of the TCA cycle and the citrate-metabolizing enzyme ACL in the presence of recombinant NTRB alone or in combination with recombinant TRXo1 or TRXh2, a mitochondrial/cytosolic TRX (38) . Given that NTRB alone was not able to modify the activities of the enzymes analyzed here, the results are shown only as the effect of the addition of TRXo1 and TRXh2.
The complementation experiments were carried out using preparations from either isolated mitochondria (for the TCA cycle enzymes; details are provided in SI Materials and Methods) or whole leaves (for the cytosolic enzyme ACL). As seen in Fig.  3 , the complementation experiments generally confirmed the previous results based on enzyme assays obtained with leaf extracts shown in Fig. 1 . These assays enabled us to determine whether the differences observed in the activity of TCA cycle enzymes in leaf extracts (Fig. 1) are related to the mitochondrial isoforms. As observed in Fig. 1 , the activity of FUM and MDH was much higher and lower, respectively, in mitochondrial preparations of the ntra ntrb double mutant (Fig. 3) . Mitochondrial FUM was also higher in the trxo1 mutant. Although MDH activity was not significantly affected by the addition of the recombinant TRXs, FUM showed a striking response to each protein, especially to TRXh2. These factors combined to result in an unusual higher activity of mitochondrial FUM than mitochondrial MDH. However, importantly, these activities are very similar in the absence of the recombinant TRXs. Activity of the enzyme was strongly reduced in all genotypes following the addition of TRXo1 recombinant protein, but, surprisingly, its activity was greatly increased following the addition of TRXh2 (Fig. 3) . To our knowledge, this result provides the first example of an enzyme that is regulated in opposing directions by two types of TRX: in this case, activation by TRXh2 and inhibition by TRXo1. This finding is potentially significant from the standpoint of control of carbon flux within the mitochondrion because there may be separate pools of TRXo1 and TRXh2. Further, in view of its dual localization (cytosol and mitochondria), TRXh2 could also function as a regulatory link between the mitochondrion and the cytosol by a yet to be defined interorganellar network. These possibilities will be the subject of future investigations.
Similar to FUM, the activity of SDH increased in both trxo1 and ntra ntrb mutants, and the addition of TRXo1 recombinant protein decreased SDH activity in all genotypes (Fig. 3) . However, in contrast to FUM, the activity of SDH was reduced in all genotypes following the addition of TRXh2 recombinant protein (Fig. 3) . Additionally, very strong changes were observed in the activity of ACL. As noted above, both mutants were characterized as containing lower activities of this enzyme (Fig. 1) . Furthermore, addition of the TRXo1 and TRXh2 recombinant proteins doubled or even tripled the activity of the enzyme in all genotypes (Fig. 3) . The situation for CS is less clear. Despite strong increases in activity in both mutants (Fig. 1) , we observed no change in protein abundance (Fig. S3 ) and no effect on activity following the addition of recombinant proteins to preparations of these genotypes. However, the addition of TRXo1, but not TRXh2, significantly elevated the activity in mitochondrial extracts of WT (Fig. 3) . Despite the differences shown in the activities of FUM and SDH, few changes were observed in the other enzymes of the TCA cycle following the addition of recombinant proteins (Fig. 3 and Fig. S4 ). The activities of SCoAL and NAD-dependent IDH were lower in mitochondrial extracts of the trxo1 mutant and ntra ntrb double mutant, respectively, whereas ACO activity was higher in mitochondrial preparations of both the trxo1 mutant and ntra ntrb double mutant ( Fig. 3 and Fig. S4 ). No differences were observed in the activity of 2-oxoglutarate dehydrogenase in the mutants and following the addition of recombinant proteins (Fig. S4) .
To recapitulate, the perturbation of the mitochondrial TRX system modifies the activity of enzymes of, or associated with, the TCA cycle and also leads to higher accumulation of TCA cycle (citrate and malate) and associated (pyruvate, Gln, and Glu) metabolites. Furthermore, protein-based confirmation of the measurements made of metabolite pool size and enzyme activities in extracts from mutant plants allowed us to conclude that at least two enzymes of the TCA cycle (FUM and SDH) are deactivated by the mitochondrial TRX system in vivo (Fig. 4) . Although the addition of TRXh2 suggested that FUM can be activated in vitro, the absence of data in mutants lacking TRXh2 activity did not allow us to form conclusions regarding this phenomenon. Another enzyme, CS, appeared to be activated in vitro (Fig. 3) as previously shown by Schmidtmann et al. (24) , but the increase in the activity in leaf extracts (Fig. 1) and mitochondrial extracts (Fig. 3) in both mutants suggests that this activation may not occur in vivo. A fourth enzyme, ACL of the cytosol, by contrast, appears to be activated by TRX both in vitro and in vivo (Fig. 3) . Lastly, the observation that the reduction of SCoAL activity seen in trxo1 was not observed in the ntra ntrb double mutant may suggest that it is due to pleiotropic effects not related to redox regulation. Given that SCoAL has an exclusive mitochondrial location, we cannot currently exclude the possibility that the lack of an effect in ntra ntrb may be due to the complexities of compartmentation, because it is conceivable that modification of the cytosolic redox poise somehow counteracts redox changes in the mitochondria. However, further experimentation will be required to determine whether this interpretation is valid. Collectively, the results provide clear evidence for a posttranslational role of TRX in the modulation of FUM, SDH, and ACL in vivo (Fig. 4) .
Discussion
Proteomic approaches have recently increased the number of putative TRX targets in photosynthetic organisms, broadening the role of the TRX system to encompass not just the classical photosynthetic targets of chloroplasts but also such diverse processes as starch biosynthesis in amyloplasts (39) , chloroplast protein import (40) , germination facilitation (41), and intercellular communication (38) . In addition, several studies have begun to unravel the role of the TRX system with respect to both cytosolic and mitochondrial metabolism (13, 19, 26, 42) . By use of affinity chromatography, over 100 potential mitochondrial targets for TRX have been identified in spinach leaf, Arabidopsis shoots, and potato tubers (13, 19) . Moreover, 18 redox-active proteins have been identified in mitochondria isolated from Arabidopsis cell suspension cultures via 2D oxidant/reductant diagonal SDS/PAGE (43) . Many of these proteins were previously reported to be TRX or GRX targets (13, 19, 44) . The physiological significance of these changes in the proteins identified was, however, not determined, leaving the mechanism of mitochondrial redox regulation largely unexplored. Thus, despite the fact that it has long been established that light modifies both the NAD(P)H/NAD(P) + ratio and the ubiquinone reduction level (9, 45) , the significance of redox and the elusive mechanism for feedback inhibition of the TCA cycle (16, 46, 47) are attractive research topics in plant mitochondria. Previous studies have identified all eight core enzymes of the TCA cycle, as well as pyruvate dehydrogenase and NAD-malic enzyme, as potential targets of the TRX system in land plants (13, 19) . The enzymes isocitrate lyase and acetyl-CoA synthetase, which have a possible role in acetate metabolism, appeared to be targets in Chlamydomonas reinhardtii (42) . Moreover, the AOX, uncoupling protein (UCP), and several peptides associated with the mitochondrial electron transport chain, alongside Gly decarboxylase, Ser hydroxymethyltransferase, several amino transferases, and enzymes of branched chain amino acid metabolism, were also identified as putative targets (13, 19, 22) . Notably, in nonplant systems, other enzymes associated with the mitochondrial electron transport chain (e.g., complex II, UCP) have been identified as being redox-regulated (48, 49) . Here, we adopted . Enzyme activities and protein-based complementation in WT, trxo1, and ntra ntrb mutants. CS, SCoAL, MDH, FUM, and SDH activities were measured in mitochondrial extracts, whereas ACL was measured in leaf extracts of WT, trxo1, and ntra ntrb mutants. These extracts were also used to perform proteinbased complementation assays. The extracts were untreated (Control) or treated with TRXo1 (3 μg; 180 nM) or TRXh2 (3 μg; 210 nM) both reduced by NTRB (7.5 μg; 100 nM) and NADPH (100 μM). Data presented are mean ± SEM (n = 5). A number symbol indicates values significantly different from WT by the Student's t test at 5% ( # P < 0.05), and an asterisk indicates values significantly different from the control in the same genotype by the Student's t test at 5% (*P < 0.05).
a combination of metabolic and isotope tracer profiling approaches alongside mutant analysis and protein-based complementation assays to validate TRX targets of, and closely associated with, the TCA cycle in Arabidopsis.
Data currently presented on the metabolic characterization of the ntra ntrb and trxo1 mutants corroborate a role for the TRX system in regulating not only the TCA cycle but also photorespiration, amino acid, glucosinolate, and flavonol metabolism. Perhaps predictably, the ntra ntrb double mutant showed far greater change than trxo1, a feature ascribed to a certain degree of redundancy within the mitochondrially localized TRXs. It is important to note that overlapping functions have previously been identified between TRXs and glutaredoxins, suggesting that mitochondrial and cytosolic redox pools are highly and tightly regulated (50) . The changes reported for organic acid metabolism in the mutants can be clearly related to the expected effects a deficiency in TRX would have on flux through the TCA cycle if it were inhibited by TRX in the clockwise direction between malate and succinate (which indeed appears to be the case) (Fig.  4) . Similarly, changes in the levels or redistribution of isotope to Ala, Asp, and Ser are likely a result of a lack of regulation of TRX-linked Ala or Asp aminotransferases and the mitochondrial enzymes of the photorespiratory pathway, respectively. The close linkage between Ala and photorespiration with the TCA cycle activity has precedence in the literature (10, (51) (52) (53) (54) . Moreover, the change in the amount of Val is likely the result of a deregulation of the branched chain amino acid dissimilation pathway, which has recently been demonstrated to augment mitochondrial respiration in times of stress (55) . Although we did not validate all of these changes at the enzyme level, we did so for members of the TCA cycle.
Enzymes of the TCA cycle are known to be highly susceptible to oxidative stress (52, 56) , and CS was previously demonstrated to form intra-and intermolecular disulfide bridges under oxidizing conditions (43) . Moreover, the activity of the cytosolic enzyme ACL, a central enzyme of the citrate shunt important in fatty acid and wax metabolism (57), was dramatically reduced in both mutants. These data were confirmed in experiments in which extracts from WT or mutants were incubated in the presence or absence of TRXo1 and TRXh2. Interestingly, four enzymes (CS, SDH, FUM, and ACL) could be confirmed as being regulated by TRX in vitro. Unexpectedly, and potentially significantly, the activity of cytosolic ACL was altered in the mutant deficient in a TRX specific to mitochondria, trxo1. Our results are not sufficiently comprehensive to enable us to provide a precise mechanism by which the observed changes generated in the trxo1 mutant could modulate the activity of a cytosolic enzyme. However, they are in keeping with data from a recent study suggesting posttranslational regulation of ACL (58) .
Several metabolites (e.g., Gly, Thr, Ser, pyruvate) showed different accumulation in the trxo1 mutant. Additionally, the lack of convincing complementation of the increased activity of CS in the mutant preparations following the addition of recombinant proteins suggests, for this enzyme at least, that the change in activity may be rather an indirect effect. The explanation for this unclear situation would appear to reside in the complex effect of TRX on the dimerization of mitochondrial CS. Dimerization of this isoform is required for activation. A recent in vitro study suggests that TRX cleaves a disulfide bond between two subunits, enhancing activity by facilitating the regeneration of the active dimer from inactive dimers (24) similar to the effect observed here. The higher CS activity in the mutants is, however, likely due to the inability to cleave active dimer to form inactive Fig. 4 . Schematic model of TRX regulation of the TCA cycle and associated with citrate metabolism enzymes. Enzymes presented in red and green are possible TRX targets to be deactivated and activated in vivo, respectively. SDH and mFUM are deactivated, whereas ACL is activated by TRX in vivo. We considered an enzyme to be the target of the TRX system in vivo only when the enzyme activity data in the mutants fit with the complementation assay using recombinant TRXs. Therefore, although our complementation data indicate that CS appears to be activated in vitro by TRXo1, the increase in the leaf enzyme activities in both mutants suggests that this activation may not occur in vivo. White spheres represent carriers or antiporters. CC, mitochondrial acetyl-CoA carrier; DC, dicarboxylate carrier; IM, inner mitochondrial membrane; IMS, intermembrane space; mFUM, mitochondrial fumarase; OAA, oxaloacetate; OC, putative oxaloacetate carrier; 2-OG, 2-oxoglutarate; 2-OGDH, 2-oxoglutarate dehydrogenase complex; OM, outer mitochondrial membrane; PC, pyruvate carrier; PDH, pyruvate dehydrogenase complex.
monomers, thus suggesting that TRX is a direct negative regulator of mitochondrial CS in vivo. Nonetheless, the exact mechanism underlying this observation remains to be clarified. The lack of a direct effect of TRX on CS in the mutants in the current study is supported by previous work indicating that although DTT clearly affected activity in some plant species, it activated rather than repressed these activities (23) . Intriguingly, however, DTT did not appear to have a significant effect on Arabidopsis CS, although it did in pumelo extracts. Although the reasons for the difference were not found in the previous study, it is tempting to suggest that this observation may be due to the presence of two CSs in Arabidopsis, with the possibility that the isoforms display differential properties (24) .
This point notwithstanding, the presence of redox shuttles between the mitochondria and cytosol is sufficiently well established (8, 20, 46, 59) to enable one to visualize that a transported metabolite could transmit altered redox status of the mitochondria to the cytosol. Possibly, the increased concentration of citrate in both trxo1 and ntra ntrb mutants (Table 1 ) reflects a defect in the redox transport system. This possibility is consistent with the notion that changes in the NAD(P) reduction states, which are carried out by NAD(P)H dehydrogenases present in plant mitochondria (60) and are undetectable in whole tissues, may be sufficient in vivo to allow significant changes in redox potential, and hence signal amplification (61) . It seems that the NTR/TRX system may use the NAD(P)H redox state present in the mitochondrial matrix to regulate the flux through the TCA cycle as previously suggested (62) . However, how the NAD(P)H redox state of mitochondria and cytosol is regulated in vivo and how the redox state is transmitted between mitochondria and cytosol remain unclear.
That the TCA cycle is regulated in such a manner is highly attractive in light of data from other studies. First, although it has been subject to relatively little study, ACL has been shown to be of critical importance in Arabidopsis and was identified to be regulated by TRX as a member of the reverse TCA cycle in Chlorobium tepidum (63) . Thus, ensuring that this enzyme is highly active at a time when ATP production is maximal is an effective strategy. Second, redox-based regulation of the cycle at reactions involved in citrate metabolism would allow a reduced flux through the mitochondrial TCA cycle without compromising reactions required to maintain a nitrate assimilation rate capable of ensuring optimal photosynthesis (64, 65) . This strategy is consistent with recent experimental observations on the cycle (47, 66) and also with evidence that the AOX is regulated by redox [i.e., the enzyme is reduced by TRX, thereby allowing activation by pyruvate (22) ]. Third, the reactions catalyzed by SDH and FUM include two of the four enzymes in which the majority of the control of flux through this pathway was revealed to reside following metabolic control analysis (16) .
Finally, although yet to be validated, numerous other putative redox-regulated enzymes are involved in alternative respiratory pathways. This situation raises two possibilities: Either they are coordinately regulated with the TCA cycle to optimize cellular efficiency or, as has already been seen under conditions of stress (67), they are regulated in an opposite manner to sustain mitochondrial function under conditions in which classical respiration is inhibited. For either possibility, it will be of great interest to analyze the role of TRX in regulating these alternative pathways under both optimal and suboptimal growth conditions, as well as to define the role of TRX fully in the interorganellar coordination of energy metabolism. Similarly, a more detailed analysis of the role of TRX in orchestrating changes in secondary plant metabolism, a finding provided further support by an as yet undefined role of flavonols in redox regulation (68), will likely be highly informative.
Concluding Remarks
Our results have identified the NADP-linked TRX system as a regulator of the TCA cycle in mitochondria as well as root and plant growth. The cycle also links the decrease in biomass due to TRX inhibition to a metabolic compensating mechanism that adjusts primary metabolism to cope with prevailing growth conditions. Further, our metabolite analyses have uncovered several pathways directly or indirectly dependent on the substrates or products generated by enzymes under the control of the TRX system, including enzymes of, or associated with, the TCA cycle.
The results of this study highlight the importance of the TRX system in mediating metabolic control of the TCA cycle. Evidence for this conclusion is several-fold. First, mutants of ntra ntrb and trxo1 both displayed enhanced levels of the cycle intermediates citrate and malate, and ntra ntrb additionally displayed enhanced levels of succinate. Second, both trxo1 and ntra ntrb mutants displayed elevated maximal catalytic activity of the mitochondrial isoforms of ACO, CS, SDH, and FUM, and markedly decreased activity of cytosolic ACL. Third, the redistribution of isotope in flux experiments, particularly with the ntra ntrb mutant, strongly suggested increased flux through the TCA cycle. Finally, assays of enzymes with either WT or mutant extracts revealed that changes in the levels of measured activities in the mutants for FUM, SDH, and ACL, at least, could be convincingly reverted, or altered in the case of WT plants, in a manner fully consistent with a regulatory role of the TRX system. Taken together, these data identify TRX as a master regulator of both the mitochondrial TCA cycle itself and the associated citrate shunt pathway by which intermediates of the cycle are exported to the cytosol to support biosynthesis. The results also implicate Trx in the regulation of mitochondrial electron transport indirectly through FUM, which is linked to the build-up of electrons from NADH, and directly via SDH and the attendant entry of electrons into the electron transport chain at complex II.
A remaining question concerns the mechanism by which the redox status of mitochondria is conveyed to the cytosol. This question assumes a paramount position in efforts to achieve a more complete understanding of the mitochondrial TRX system and its function within and, indirectly, beyond the organelle. One final point is that although the present results clearly demonstrate the importance of TRX in controlling the TCA cycle in Arabidopsis, the cross-kingdom conservation of Cys residues suggests that redox may be a broadly operative mechanism for regulating the cycle in other plants and in other types of organisms as well.
Materials and Methods
Plant Material. All A. thaliana L. plants used in this study were of the Columbia (Col-0) ecotype. The ntra ntrb double-KO mutant was previously described (26) , whereas the T-DNA insertion mutant in the trxo1 gene (At2g35010) from the Salk collection (SALK 042792) (27) was characterized in this study. Arabidopsis seeds were handled as described previously (26) . Fully expanded rosette leaves of 4-wk-old plants were harvested for subsequent analysis.
Isolation of Mitochondria. Mitochondria were isolated from the aerial part of 7-wk-old Arabidopsis plants grown under short-day photoperiod conditions as described previously (69) . A brief description of the isolation protocol is given in SI Materials and Methods. The purity of the mitochondria was assessed by determining the activity of marker enzymes as well as by measuring the chlorophyll content (Table S5) .
Enzyme Assays. Enzymes assays were performed as described in SI Materials and Methods.
In Vitro Protein-Based Complementation and TRX Activity Assays. For in vitro protein-based complementation assays, 3 μg of TRXo1 (180 nM) and 3 μg of TRXh2 (210 nM) were first incubated with or without 7.5 μg (100 nM) of NTRB and 100 μM NADPH at room temperature for 10 min. The mixture was incubated with leaf or mitochondrial protein extracts, and enzyme activity was measured as described above. To confirm that NTRB reduces TRXo1 and TRXh2 in vitro, a TRX activity assay was performed in the presence of 5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB). For this purpose, 1 μg (60-70 nM) of TRX was reduced by 5 μg (67 nM) of NTRB and 100 μM NADPH. TRX activity was determined by following DTNB reduction at 412 nm (Fig. S5) .
Metabolite Assays. Metabolite assays were performed as described in SI Materials and Methods. The metabolite reporting guidelines and the overview of the metabolite reporting list are shown in Datasets S2 and S3, respectively.
Analysis of [U- were snap-frozen in liquid nitrogen. They were subsequently extracted in 100% methanol, the fractional enrichment of metabolite pools was determined as described previously (35, 37) , and label redistribution was expressed according to the method of Studart-Guimarães et al. (70) .
Statistical Analysis. Data were statistically examined using the Student's t test (P < 0.05). The term "significant" is used in the text only when the change in question has been confirmed to be significant (P < 0.05) with this test. All of the statistical analyses were performed using the algorithm embedded into Microsoft Excel.
